ABSTRACT Recent X-ray observations in the central compact remnant of Puppis A and other young pulsars have provided convincing evidence about the anti-magnetar nature of the so-called central compact objects (CCOs). The measured period derivative, corrected by the proper movement, provides exceptionally low superficial magnetic fields for such sources. Using the dipole radiation canonical model, the superficial magnetic field of the CCO (RX J0822-4300) in Puppis A was estimated to be B 2.9 × 10 10 G. In this paper, we present a numerical model to interpret the unusual magnetic-field behavior in RX J0822-4300. Using the magnetohydrodynamic simulations during the hypercritical accretion phase, we propose that a variety of MeV neutrinos is created given evidence about the submergence of the magnetic field in the pulsar. We investigate the production, propagation, oscillations, and detection of MeV neutrinos from this source. The detection of neutrino events with their flavor ratios would be a compelling signature of the decreasing evolution of the magnetic field not only in RX J0822-4300 but also in CCO candidates.
INTRODUCTION
Central Compact Objects (CCOs) are neutron stars (NSs) located close to the geometrical central regions of young (0.3 -7 kyr) supernova remnants (SNRs, Kaspi 2010) . These sources are characterized by emitting photons in the X-ray band with typical luminosities in the range L X ∼ 10 33 − 10 34 erg s −1 (Pavlov et al. 2004) . Their spectra are thermal-like, described in general by two black-body (BB) functions with high temperatures (ranging from 0.2 to 0.6 keV) and small emitting radii (∼ 0.1 -5 km). The origin of the magnetic fields within NSs is still an unsolved problem. Estimations of the superficial magnetic field (B-field) show that it is small, favoring the hidden B-field scenario. In this scenario, the B-field is immersed by the hypercritical accretion material (see e.g., Muslimov & Page (1995) and Geppert et al. (1999) , Bernal et al. (2013) and references therein).
Following the arguments of Muslimov & Page (1995) , simple 1D ideal magnetohydrodynamic (MHD) simulations were performed by Geppert et al. (1999) to show the effect of the hypercritical accretion over the B-field in a newborn NS. These simulations displayed a rapid submergence of the B-field into the NS (Geppert et al. 1999) . This scenario was revisited by several authors in order to study the evolution of the B-field in these compact objects. Fraija & Bernal (2015) and Bernal & Fraija (2016) showed that thermal neutrinos created during this phase experiment resonant conversions, playing an outstanding role. They estimated from Cassiopeia A and Kesteven 79 the number of neutrino events and the flavor ratio expected on Earth.
Puppis A, located at 2.2 ± 0.3 kpc (Reynoso et al. 1995) , is one of the most interesting SNRs in the Southern hemisphere. Its age is ranging from 3700 and 5200 yrs; 3700 yrs when the proper motion of optical filaments is considered, and 5200 yrs when the projected distance from its explosion center is taken into account. The High-Resolution Imager on Einstein observatory (HRI: see Giacconi et al. 1979 ) discovered the X-ray compact object RX J0822-4300, in Puppis A. One decade later, ROSAT observations confirmed that RX J0822-4300 was a central compact stellar remnant formed in the SN event (Petre et al. 1996) . Based on X-ray observations performed by Chandra and XMM-Newton, Hui & Becker (2006) showed that the X-ray emission was consistent with a two BB model with temperatures T 1 = (2.35 − 2.91) × 10 6 K and T 2 = (4.84 − 5.3) × 10 6 K. It is worth noting that this object has not been detected either radio (as a radio pulsar) or optical (with magnitude 25 B-band and 23.6 R-band) frequencies. These observations together with the lack of long-term flux variations confirmed to this source RX J0822-4300 as a NS candidate with a low B-field (Hui & Becker 2006) . Later, Gotthelf et al. (2013) could infer the strength of the B-field of 2.9×10 10 G using a dipole model with values of P = 112 ms andṖ = (9.28±0.36)×10 −18 (Gotthelf et al. 2013 ).
Taking in consideration that Shabaltas & Lai (2012) and Popov et al. (2015) argued that the hidden B-field scenario could be applicable to Puppis A, in the current work, we use the FLASH Code in order to simulate the hyper-accretion phase, the B-field evolution close to the stellar surface and the neutrino luminosity from RX J0822-4300. Additionally, we investigate the production, propagation, oscillation, and detection of thermal neutrinos from this source. The paper is arranged as follows. In Section 2 we briefly describe the numerical model of the hypercritical phase. In Section 3 we study the production, propagation, oscillation, and detection of thermal neutrinos. In Section 4 we discuss our results and finally, the conclusions are presented in †nifraija@astro. We analyze the hypercritical accretion phase onto the newborn NS (RX J0822-4300) inside Puppis A, using the numerical model previously shown in Bernal et al. (2010 Bernal et al. ( , 2013 . We are interested in following the evolution of the B-field and the production, propagation and oscillations of thermal neutrinos during the hypercritical accretion phase. Here, we extend the scenario presented in Bernal et al. (2010 Bernal et al. ( , 2013 and focus on the neutrino analysis, the dynamics and morphology of the magnetized and thermal plasma around RX J0822-4300. Due to the similarity of Puppis A with Kes 79 (Viganò et al. 2013) , in the current paper we adopt the standard parameters reported for the NS in Puppis A: M 1.45 M , R 10 km, and B 10 12 G, which correspond to progenitor models of pre-supernova in the range of 25 -35 M (see, Chevalier 2005; Shabaltas & Lai 2012, and references therein.) In order to tackle numerically the hypercritical accretion phase, a customized version of the Eulerian and multi-physics parallel FLASH Code is used (Fryxell et al. 2000) . The complete set of MHD equations are solved by the FLASH Code using the unsplit staggered mesh algorithm which is included in the more recent version of FLASH Code 1 . The unsplit staggered mesh algorithm uses a directionally unsplit scheme to evolve the MHD governing equations. A more detailed description of the Unsplit Staggered Mesh Scheme can be found in Lee (2013) . We use the Helmholtz Unit that includes contributions coming from radiation, ionized nuclei, and degenerate/relativistic electrons and positrons. Although the Helmholtz EoS has been widely used in several astrophysical environments, we have used it with caution. Full details of the Helmholtz algorithms are provided in Timmes & Swesty (2000) . The neutrino cooling processes and the Equation of State (EoS) algorithm are also included in this code through a customized Unit. We carry out 2-D MHD simulations of the hypercritical phase using computational domain columns of (20 × 100) km. The complete procedure, the initial configuration for the thermodynamic variables and the lateral boundary conditions are explicitly described in Bernal & Fraija (2016) .
NEUTRINOS
Neutrinos represent an active role in the SN dynamics, from core collapse phenomena up to the catastrophic explosion mechanisms. In the initial stage of the core collapse, densities become larger than 10 9−10 g/cm 3 and electrons are captured by nuclei with ν e freely escaping from the collapsing star. When the core density is too high so that neutrinos are trapped, the chemical potential will be in equilibrium, allowing the diffusive emission of all neutrino flavors. More than 95 % of the gravitational binding energy will be released as neutrinos, as shown by simulations (see i.e. Korobkin et al. 2012; Goriely & Janka 2016) .
On the NS surface (rns = 10 6 cm), a new crust of hundreds of meters endowed with a strong B-field in the range 10 11 ≤ B ≤ 10 13 G is created and later submerged by the hypercritical accretion phase. Photons and thermal neutrinos produced and confined in this region are thermalized to a few MeV. In this phase, energy losses become dominated primarily by the annihilation processes, involving the formation of ν xνx pairs when e ± pairs are annihilated close to the stellar surface. Other important neutrino processes involved in the customized routine are e − e + pair annihilations (e − + e + → ν x +ν x ), plasmon decays (γ → ν x +ν x ) and photo-neutrino emission (γ + e − → e − + ν x +ν x ). The subscript x indicates the neutrino flavor: electron, muon, or tau.
Effective Potential
In the hypercritical accretion phase, thermal neutrinos are generated in the region I and consequently, they will oscillate in their paths in accordance with the neutrino effective potential of each region.
Only Neutrino Background -In a newly born NS, the neutrinos with a mean free path less than the depth of the medium are trapped in a region called the neutrino-sphere. In these neutrino-spheres, neutrinos and anti-neutrinos have different average energies E νe 10 MeV, Ē νe 15 MeV and Ē ν µ/τ = E ν µ/τ 20 MeV (Giunti & Chung 2007) . If the medium contains only the neutrinos and anti-neutrinos of all flavors, then the neutrino effective potential is (Sahu et al. 2009 )
By assuming that the number density of neutrinos (N ν ) and anti-neutrinos (N ν ) of all flavors is the same inside the neutrinosphere, i.e. N νx =N νx , the effective neutrino potential becomes In the quasi-hydrostatic envelope, the reverse shock gives rise to the hypercritical accretion onto the new NS surface through the fall-back stage. Later, a new expansive shock is formed by the material accreted and bounced off against the new NS surface. The expansive shock leads an envelope in quasi-hydrostatic equilibrium with free-fall material falling over it. Taking into account the typical values M = 1.4 M andṁ = 500M yr −1 , the shock radius is rs 7.7 × 10 8 cm (M/1.4M ) −0.04 rns/10 6 cm
1.48
ṁ/500 M yr −1 −0.37 . From the strong shock conditions, the density in this region is ρ(r) = 7.6 × 10 2 rs r 3 g cm −3 and the effective potential is
where In the free-fall region, the material begins falling with a speed v(r) = 2GM r and density ρ(r) =ṁ 4πr 2 v(r) . Given the typical values M = 1.4 M andṁ = 500M yr −1 , the density of the free-fall material is ρ(r) = 5.7 × 10 −2 r h r 3 2 g cm −3 and the effective potential is
where r h = 10
10.8 cm.
3.1.4. Regions IV: (r h ≤ r)
Taking into account the typical profile for a pre-supernova, the density of the outer layer could be given by
with (k, A) = (2.1, 20); r h < r < ra, (2.5, 1); r > ra ,
R 10 12.5 cm and ra = 10 11 cm.
3.2. Neutrino Oscillation Solar, atmospheric and accelerator neutrino experiments have exhibited through the masses and mixing parameters convincing evidences about neutrino oscillations. Table 1 Neutrino oscillates in vacuum between the compact object RX J0822-4300 and Earth. The matrix of transition for neutrinos created in RX J0822-4300 can be written as (Bernal & Fraija 2016) 
In Matter
Two-Neutrino Mixing -The evolution equation of the neutrino propagation in matter for two-flavor mixing is given by
where V eff is the effective neutrino potential and E ν is the neutrino energy. The neutrino oscillation process ν e ↔ ν µ,τ has been considered. The transition probability in this case is
From the resonance condition, the effective potential and the oscillation length become
respectively. Details are shown in Fraija (2014a) .
Three-Neutrino Mixing -The evolution equation of the neutrino propagation in matter for three-flavor mixing is given by
where the effective Hamiltonian is
with
Here U is the three neutrino mixing matrix (i.e. see; Gonzalez-Garcia 2011). From the resonance condition, the effective potential and the oscillation length become
Eν,MeV cos 2θ13 = 0 and lres = 4πEν ∆m
respectively. The adiabatic condition at the resonance can be expressed as
Details are shown in Fraija (2014a) .
The neutrino trajectories inside the Earth will depend on the direction of the detector relative to RX J0822-4300 in Puppis A. Neutrinos arriving to the detector will oscillate depending on the nadir angle and hence the matter density that will have to go through in their paths.
3.3. Neutrino Expectation In general, the neutrino spectrum is computed through the neutrino luminosity dN/dEν e = Lν e /(E 2 νe 4πd 2 z ) and used to estimate the neutrino events
The terms V is the fiducial volume of the neutrino detector, ρ N = 2/18 g cm −3 is the density of targets (Mohapatra & Pal 2004) ,
M eV 2 is the cross section (Bahcall 1989) and dt is the time interval of the neutrino burst. The expected events are
Here, the average energy < Eν e > Eν e during a period of time T burst has been assumed (Mohapatra & Pal 2004) . As follows a brief introduction of the neutrino experiments used in this work is given.
Super-Kamiokande Experiment. -Super-Kamiokande is a Cherenkov detector located at Kamioka in Gifu Prefecture, Japan. It consists of a cylindrical stainless tank whose dimensions are 39 meters in diameter and 42 meters in height, containing 50 kton of ultra-pure water. According to its structure, Super-Kamiokande is divided into an inner and an outer detector region. Currently, the first detector has 11,129 PMTs whereas the outer one has 1885 PMTs. Details about the technical specifications can be found in Fukuda et al. (2003) .
Hyper-Kamiokande Experiment -Hyper Kamiokande will be an underground detector located inside a mine in Kamioka Japan. It will have a total fiducial mass of 0.56 millions metric tons of ultra-pure water, which represents a volume 25 times greater than its predecessor Super-Kamiokande. It will also have a symmetric array of 99,000 PMTs in order to detect the Cherenkov light produced during the charged lepton interactions with water nucleons. The main target of this detector will be a more accurate measurement of the neutrino oscillation parameters as well as testing the CP violation in the leptonic sector ( DUNE Experiment -The DUNE (Deep Underground Neutrino Experiment) experiment will be a neutrino detector with a total fiducial mass of 40 kton of liquid argon located at South Dakota in USA. It will consist of four cryostats instrumented with Liquid Argon Time Projection Chambers (LArTPCs). This experiment will begin operating by the year 2026 and among all its main goals are the search for proton decay, more accurate parameter measurements of neutrinos produced in particle accelerators, as well as detection of astrophysical neutrinos. In particular, DUNE will be able to detect neutrinos of transient events such as SNe, Gamma-ray burst and Active Galactic Nuclei, for a better understanding of the dynamics in this kind of sources (Acciarri et al. 2016 ).
4. RESULTS 4.1. Submergence and evolution of the B-field Figure 1 shows colormaps of the plasma density (top panel) for three accretion rates (ṁ = 1, 10, 100 M yr −1 ), superimposed with the B-field contours, at t = 200 ms. Additionally, the ratio between the magnetic pressure and the ram pressure is showed in the bottom panel for the same timescale. Note that only the highest accretion rate reaches the complete submergence of the B-field in this timescale, as expected. Although the lower accretion rates take longer to reach this state, it is reached at t ∼ 600 ms forṁ = 10 M yr −1 and at t ∼ 900 ms forṁ = 100 M yr −1 . During the initial transient, the expansive shock interacts with the flow in free fall forming the accretion shock and a new stellar crust (the place where B-field is dragged and confined). For the lower accretion rate considered here, the magnetic Rayleigh-Taylor instabilities induce various magnetic reconnection processes between the magnetic loop and a magnetized layer formed above it. The non-magnetized flow falling on the stellar surface encounters in its way the magnetic layer. These interactions induce the formation of large and isolated fingers which in turn reach the magnetic loop, producing reconnection processes several times. Figure 2 shows the final radial profiles of the density, the pressure, the velocity and temperature for the values of the accretion rates considered and when the system is relaxed a few hundreds of milliseconds later. In the final state of the simulation, an accretion envelope in quasi-hydrostatic equilibrium is well established and separated from the continuous accretion inflow by an accretion shock. The material, piled up by the hyper-accretion, builds a new stellar crust, submerging the B-field. Our numerical results show both the formation of the stellar crust where the B-field is submerged and the region where neutrinos are created (the so-called neutrino-sphere). Figure 3 shows the magnitude of the B-field (left) for the accretion rates considered here. We note that the strength of Bfield was amplified due to the strong compression inside the crust. To highlight the neutrino-sphere size, a colormap of the neutrino emissivity with the B-field contours forṁ = 100 M yr −1 is shown in the right-hand panel. The adiabatic and radiative gradients can be estimated through simulations when the system has reached the quasi-hydrostatic equilibrium. The adiabatic gradient is ∇ ad = γc−1 γc 0.27 and the radiative gradient is ∇ rad = d ln T d ln P 0.26. Note that the value of the adiabatic index γ c = 1.35 has been taken directly from the simulation, and the radiative gradient was calculated using the temperature and pressure profiles. It is worth noting that the gradients are almost constant within the envelope, except in the region near the NS surface. Due to ∇ rad ∇ ad , the system is manifestly stable to convection, although being these values close enough numerically they would indicate probably a marginal stability. After the flow goes through the front of the accretion shock (the sound speed is c s = γ c P/ρ 7.3 × 10 9 cm s −1 and v 1.3 × 10 8 cm s −1 for a Mach number of m = v/c s 10 −2 ), it is fully subsonic inside envelope. Therefore, the global structure of the accretion column can be studied in detail and compared with the analytical approach presented in Chevalier (1989) , particularly in the region where the approximations break down. It is important to highlight that the thermodynamical conditions in the fluid depend on the accretion towards the proto-NS. The Fermi temperature obtained from the Fermi energy is T F 6.5 × 10 10 K. The temperature obtained from the simulation, close to the bottom of the accretion column in a quasi-stationary state is T 4.6 × 10 10 K, and then, T /T F 0.7. It is thus clear that the assumption of the e ± degeneracy is not a proper approximation, and a full expression such as the one in the Helmholtz equation of state is required if one wishes to compute the evolution of the flow accurately. It is also clear that the neutrino cooling effectively turns on a scale of r 4 × 10 5 cm. For the current simulation, the mean value of emissivity in such region iṡ ν 1.6 × 10 30 erg s −1 cm −3 and the integrated neutrino luminosity is L ν 3 × 10 48 erg s −1 , as indicated in Figure 4 . Figure 4 shows the integrated neutrino luminosity (red) and the magnetic energy density (blue) integrated into the whole computational domain for the lower accretion rate considered. Several pronounced peaks are observed on the energy curve. Each peak corresponds to different magnetic reconnection episodes suffered by the loop (due to interactions between the magnetic Rayleigh-Taylor instabilities and the loop). Magnetic energy is converted into thermal energy by the code. Also, we show the neutrino luminosity (red) due to several neutrino processes present in the neutrino-sphere of the newly born NS. After an initial transient phase, the neutrino luminosity has small oscillations about a fixed value, with some small peaks, corresponding to the magnetic reconnection episodes suffered by the loop. Magnetic reconnection with very strong B-fields, as the current case, is a problem poorly understood to date, hence there is not a robust theory that can sustain the results. The most important scale of the B-field used to compare the result of our analysis is the critical B-field (B c ) with the corresponding magnetic energy density given by U c 7.7 × 10 25 erg cm −3 . In the present scenario, the maximum B-field achieved is one order of magnitude less than B c . Figure 5 shows the resonance length as a function of neutrino energy considering the two-(solar, atmospheric and reactor parameters) and three-flavor mixing. It exhibits that the resonance lengths lie in the range from 5 × 10 3 to 1.8 × 10 7 cm, which is comparable with the size of the new crust on NS surface. This figure shows that depending on the oscillation parameters measured in the neutrino experiments, thermal neutrinos can oscillate resonantly before leaving the new crust. For instance, regarding a radius of the new crust 1.3 × 10 6 cm, only neutrinos with energies less than 5 MeV can oscillate resonantly for atmospheric, accelerator, and three-neutrino mixing parameters but not for solar ones. Figure 6 shows the neutrino effective potential in the moderate and weak B-field limits. The left-hand panels display the neutrino effective potential in the moderate B-field limit as a function of temperature (top panel), B-field (medium panel) and chemical potential (bottom panel). The effective neutrino potential lies between ∼ 10 −10 and 2.3 × 10 −7 eV for a temperature, B-field and chemical potential in the ranges 1 -5 MeV, 10 13 -4 × 10 14 G and 0.1 -4 keV, respectively. It is evident that effective potential increases when the B-field and neutrino energy increases, but not when the temperature increases. The right-hand panels exhibit the neutrino effective potential in the weak B-field limit as a function of temperature (top panel), B-field (medium panel) and chemical potential (bottom panel). The effective neutrino potential lies between 7 × 10 −13 and 10 −9 eV for a temperature, B-field and chemical potential in the ranges 1 -5 MeV, 10 11 -4 × 10 12 G and 0.1 -5 keV, respectively. The effective potential in the weak B-field limit has a similar behavior than the moderate one but with different ranges of values. The effective potential of only neutrino background is not considered hereafter because it is much less than the effective neutrino potential in the moderate and weak B-field limits.
Neutrino Oscilations
For a full description of resonant neutrino oscillations at the new crust of NS, we consider the observable quantities obtained in the simulations during the hypercritical accretion phase. Taking into account the resonant condition (eq. 18), we have obtained the range of values of temperature and chemical potential for which this condition is satisfied. Figure 7 shows the contour lines of temperature, chemical potential and neutrino energy for which the resonance condition is satisfied when the effective potentials in moderate (right) and weak (left) B-field limit are considered. Both panels display that as neutrino energy decreases the chemical increases when the temperature ranges from 1 to 5 MeV. The contour lines in both panels represent similar behaviors although with different ranges of values. 
where ρ E (Θ) is the matter density on Earth with Θ the nadir angle (see Figure 8 ). Neutrino oscillation probability as a function of neutrino energy is shown in Figure 8 for Θ = 20
• (above) and Θ = 50
• (below). These probabilities are computed using the description shown in Cavanna et al. (2004) and Agafonova et al. (2007) . In the right-hand panel can be seen that depending on the neutrino's path inside Earth, these will oscillate different up to reach the detector.
Thermal neutrinos created during the hypercritical accretion phase will oscillate in matter due to electron density in regions I, II, III and IV, in vacuum and inside Earth. In the new crust of NS surface (region I), the plasma thermalized at 1 -4 MeV is submerged in a B-field of 2.6×10 10 G. Regarding the neutrino effective potential given in this region, the effective potential for propagating neutrinos in a thermal medium is plotted. This figure shows the positivity of the effective potential (V ef f > 0), hence neutrinos can oscillate resonantly. Using the three-neutrino mixing parameters we study the resonance condition. Fraija et al. (2014) calculated the survival and conversion probabilities for the active-active (ν e,µ,τ ↔ ν e,µ,τ ) neutrino oscillations in regions II, III and IV, showing that neutrinos can oscillate resonantly in these regions. Taking into consideration the oscillation probabilities in each region and in the vacuum, we compute the flavor ratio for E ν =1, 5, 15 and 20 MeV. Table 2 displays a small deviation from the standard ratio of flavor 1:1:1. In this calculation, we take into account the neutrino cooling processes of e − e + pair annihilation, Plasmon decay and Photo-neutrino emission. Taking into consideration that the effective potential for propagating neutrinos are larger than zero, we have used in it, neutrinos instead of anti-neutrinos. Lν e 10 50 erg s −1 and the duration of the neutrino burst 1 T burst 10 4 s, the number of events expected in the SK (dotted green line), HK (dotted-dashed blue line) and DUNE (dashed orange line) experiments from the hypercritical phase are plotted in Figure 9 . The upper left-hand panel corresponds to the number of events as a function of distance for Lν e = 2.6 × 10 48 erg s −1 , T burst = 10 3 s and Eν e = 13.5 MeV. This panel shows that the neutrino events lie in the range of 2 × 10 3 and 1.3 × 10 8 . It can be inferred that neutrino events from the hypercritical phase in CCO candidates (Kaspi 2010 ) such as Kesteven 79, Cassiopeia A, G353.6-0.7, PKS 1209-51/52 and Puppis A located at 7.1 kpc, 3.4 kpc, 2.2 kpc, 4.5 kpc and 2.2 kpc respectively, could be expected in the SK, HK and DUNE experiments (Fraija et al. 2018 ). The upper right-hand panel shows the number of events as a function of the average neutrino energy for Lν e = 2.6 × 10 48 erg s −1 , T burst = 10 3 s and d z = 2.2 kpc. This panel shows that the neutrino events range from 5 × 10 3 to 2.6 × 10 6 . The lower left-hand panel exhibits the number of events as a function of the neutrino luminosity for d z = 2.2 kpc, T burst = 10 3 s and Eν e = 13.5 MeV. This panel shows that the neutrino events lie in the range of 4 × 10 2 and 5.2 × 10 7 . The lower right-hand panel displays the number of events as a function of the duration of the neutrino burst for Lν e = 2.6 × 10 48 erg s −1 , d z = 2.2 kpc and Eν e = 13.5 MeV. This panel shows that the neutrino events range from 93 to 1.1 × 10 7 which corresponds to the worst (93) and the best (1.1 × 10 7 ) scenery for SK and HK, respectively.
The values of observable quantities, such as the distance 2.2 ± 0.3 kpc (Reynoso et al. 1995) , the neutrino luminosity Lν e = (2.6 ± 0.2) × 10 48 erg s −1 , the average neutrino energy Eν e = 13.5 MeV (Giunti & Chung 2007) , were used considering the results obtained in our simulations, the location of Puppis A and the values reported for SN1987A. It can be observed that average the MeV neutrinos from the hypercritical accretion phase in CCO candidates with similar characteristics like Puppis A can be detected in the new generation of neutrino experiments.
We estimate the number of the initial neutrino burst from the NS formation. Taking into consideration the typical duration of the neutrino burst t 10 s, T≈ 4 MeV (Giunti & Chung 2007) , the average neutrino energy < Eν e > 13.5 ± 3.2 MeV (Giunti & Chung 2007 ) and the total fluence equivalent for Puppis A Φ ≈ (1.30 ± 0.54) × 10 12ν e cm −2 , the total number of neutrinos released and the total radiated luminosity during the NS formation are N tot = 6 Φ 4π d 2 z ≈ (4.55 ± 1.82) × 10 57 and L ν ≈ Ntot t × < Eν e >≈ (9.84 ± 3.94) × 10 51 erg/s, respectively. Finally, the number of events expected during the NS formation on HK experiment is N ev (4.82 ± 1.91) × 10 6 . Therefore, we realize that during the NS formation are expected much more events (∼ 10 4 − 10 5 events) than the hyper-accretion phase.
CONCLUSIONS
We have studied the dynamic of hyper-accretion onto the newly born NS in RX J0822-4300. It was performed using numerical 2D-MHD simulations through the AMR FLASH method. We have found that for the hyper-accretion rate considered here, initially the B-field resists to be submerged in the new crust suffering several episodes of magnetic reconnections and returning to its original shape. This is very interesting because it allows us to analyze how the magnetic reconnection processes work in extreme conditions of temperature, density and strong B-fields. Finally, the B-field is submerged into de new crust by the hyper-accretion, with a quasi-hydrostatic envelope around it. In addition, we have estimated the neutrino luminosity considering the entire involved processes which are mandatory for the analysis of propagation/oscillations of thermal neutrinos through the distinct regions of the pre-supernova. We have observed that several peaks in the neutrino luminosity curve are very notorious. The same behavior is exhibited in the curve of magnetic energy density. This corresponds to several episodes of magnetic reconnections driven by magnetic Rayleigh-Taylor instabilities. The code allows us to capture the rich morphology and the relevant characteristics of this phase such as the neutrino losses at the base of the envelope among others. While neutrino losses play an important role in the envelope structure, the optical depth of photons is large enough so that the radiative transfer only plays a role in the later evolution. The escape of radiation at the Eddington limit can have a dramatic effect on the evolution of the hyper-accretion process. A detailed study of the thermal structure of the gas surrounding the NS is needed to determine whether it takes place and also to investigate if the quasi-hydrostatic envelope is evaporated by neutrinos, photons or some other process. Although further numerical studies of these phenomena are necessary, the results shown in this paper provide a glimpse of the complex dynamics around the newly born NS, moments after the core-collapse supernova explosion.
In this work, we have required the reverse shock model to explain the fallback of material onto the compact remnant. Following Chevalier (1989) we have performed MHD simulations and found that our results not only recover the radial profiles predicted by this model for the quasi-hydrostatic envelope structure, but also allow us to follow the evolution of the system during the formation of the new crust on the stellar surface with the consequent submergence of the B-field. On the other hand, the fallback mechanism was revisited by Wong et al. (2014) , in the core-collapse SN context. They discussed the current mechanisms proposed in the literature to explain the fallback in the early history of SN: the rarefaction wave deceleration, the energy and momentum loss of the ejecta, and the reverse shock deceleration. Using several numerical codes to carry out simulations in high dimensionality, the authors found that, for two particular progenitor models, the first two mechanisms called "prompt fallback mechanisms" would produce fallback at early times more efficiently (of the order of 15 s) than the reverse shock mechanism. In this case it must wait for the forward shock to reach the hydrogen layer (typically a few hundred seconds) before the reverse shock is produced, leading to fallback that takes place a few hundred to a thousand seconds after the launch of the explosion. As a future project, it would be interesting to perform new numerical simulations and redo our accounts, using the prompt fallback mechanism, to perform a comparative analysis with our present results.
We have done a full description of emission, propagation, and oscillations of thermal neutrinos created during the hypercritical accretion phase. We have considered neutrinos with energies ranging from 1 to 30 MeV and cooling processes of e − e + pair annihilation, Plasmon decay and Photo-neutrino emission. We have used the neutrino self-energy and the neutrino effective potential up to order m −4
W as a function of temperature, chemical potential, B-field and neutrino energy at the moderate and weak B-field limits. We have computed the neutrino oscillations on the NS surface, the accretion material, the free fall zone, the outer layer, the vacuum between the compact object RX J0822-4300 and Earth and finally, inside Earth. The resonance lengths as a function of neutrino energy for the two-(solar, atmospheric and reactor parameters) and three-flavor mixing were computed. We found that the resonance lengths range from 5 × 10 3 to 1.8 × 10 7 cm, which are comparable with the new crust of NS surface. The effective potential as a function of temperature, B-field and chemical potential at the moderate and weak B-field limited was analyzed. We found that the effective potential lies in the range from 1.3 × 10 −10 to 2.3 × 10 −7 eV for the moderate B-field limit and 7 × 10 −13 to 1.1 × 10 −9 eV for the weak B-field limit. A description of resonant neutrino oscillations for three-neutrino mixing at the new crust of NS was performed. We found that the chemical potential lies in the range of 20 to 1.1 × 10 3 eV and 180 to 5.8 × 10 3 eV for the effective potential in the moderate and weak B-field limits, respectively, for a temperature between 1 to 5 MeV. We have estimated the number of neutrino events and the standard flavor ratio. The neutrino events expected from the hyperaccretion phase on Super-Kamiokande, Hyper-Kamiokande and DUNE experiments range from 5 to 2500 events which exhibit a nonsignificant deviation of the standard flavor ratio (1:1:1). Neutrinos of energies ranging from 1 to 30 MeV are similar to those produced by a SN type II. These Galactic events make the thermal neutrino flux high on Earth compared with the neutrino burst seen from SN 1987A.
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